Abstract. The reduction of the vibration and noise of gears is an important issue in mechanical devices such as vehicles and wind turbines. The characteristics of the vibration and noise of gears are markedly affected by deviations of the tooth flank form of micrometer order; therefore, strict quality control of the tooth flank form is required. The accuracy of the lead measurement for a gear-measuring instrument is usually evaluated using a master gear or a lead master. However, it is difficult to manufacture masters with high accuracy because the helix is a complicated geometrical form. In this report, we propose a method of evaluating a gear-measuring instrument using a wedge artefact, which includes a highly precise plane surface. The concept of the wedge artefact is described and a mathematical model of the measuring condition of the wedge artefact is constructed.
Introduction
The reduction of gear vibration and noise is one of the important issues in automobiles because it is a factor influencing the attractiveness of automobiles [1] [2] . Because the vibration and noise of gears are affected by deviations of the tooth flank form of micrometer order, severe quality control is required for the tooth flank form of gears. Various types of measuring methods exist for evaluating the tooth flank form of gears [3] [4] [5] [6] [7] [8] [9] .
In many factories, a specialized measuring machine for gears [9] and a coordinate measuring machine [10] are used, although other methods such as fringe projection [3] , holographic interferometry [11] , optical measurement [12] , and the use of a laser tracker [13] [14] , have been proposed. For the tooth flank form, a gear-measuring instrument (a specialized machine for measuring gears) is often used for quality control because of its ease of use and high measurement speed. Therefore, a highly accurate gear-measuring instrument is very important for realizing the advanced quality control of gears. For high-class cars which require low gear noise, even undulation of 2 µm on tooth flank has an effect on the quality of gear noise.
Thus, the accuracy of 1 µm or higher is required for gear-measuring instrument. However, it is thought that the accuracy of current gear-measuring instruments is at the several-micrometer level and does not satisfy the required accuracy.
To verify the accuracy of gear-measuring instruments, a method using laser interferometry [15] has been reported but, in most cases, an artefact (master gauge) with high accuracy is used. In principle, the accuracy of the gear-measuring instrument does not exceed the accuracy of the artefact used for calibration; thus, high accuracy is required for the artefact. In many factories, a master gear [16] , which has a similar shape to a common gear, is used to evaluate the gear-measuring instrument. In addition, to measure the profile of the teeth, various types of specialized master gauges exist that have an involute profile form (profile artefact or involute artefact), and, for lead measurement (the measurement in the tooth width direction), master gauges with a helicoid surface (lead artefact or helicoid artefact) exist [16] [17] [18] [19] [20] . However, the accuracy of these artefacts (master gauges) is not satisfactory because they are difficult to manufacture due to their geometrically complicated reference surface. To solve this problem for the measurement of the tooth profile, a ball artefact [21] has been proposed, which results in evaluation with small uncertainty because the ball can be manufactured with a very high form-accuracy of several tens of nanometers. A gear requires very high precision of the tooth lead form as well as the tooth profile form. However, a highly accurate artefact for evaluating the lead-measuring function of the measurement instrument has not been developed. In this study, an artefact with a plane is proposed to evaluate the lead measurement accuracy. A plane is taken as the reference surface because it can be manufactured with a high accuracy of several tens of nanometers. The concept of the artefact is proposed, a theoretical analysis and design are performed, and an evaluation method is developed. The artefact is then produced and its accuracy is calibrated. A measurement experiment using the proposed artefact is carried out and the effectiveness of the evaluation method is verified.
Problems in evaluation of tooth lead measurement

Principle of tooth lead measurement
In this study, a measuring instrument for a gear with an involute helicoid tooth flank is taken. Figure 1 shows the base cylinder and the involute helicoid surface of a gear. T1T2 is curve intersecting the involute helicoid and the cylindrical surface, and this curve represents a tooth lead. In the tooth lead measurement, the measuring probe is generally moved along T1T2, and the difference between the theoretical helix form and the actual form on the gear tooth flank is outputted [9] . As shown in figure 1, the base circle radius of the measured helical gear is b r and the tooth width is h . The radius of the circle where the lead measurement is performed is m r and the helix angle on this cylinder is m β . Figure 2 shows the development surface of the lead measurement cylinder. The angle between line T1T2 and the gear axis (z axis) is the helix angle m β . Various methods exist for realizing the motion of the measuring probe from T1 to T2. A common method is to rotate the gear synchronizing with the movement of the probe in the gear axial direction (z direction). This motion makes the relative motion of the probe follow a helical curve. This is a generating-type of tooth lead measurement method and, in this study, this measurement method is investigated. In this method, the relation between the amount dz of probe movement in the axial direction and the rotational angle θ d of the measured gear is expressed in the following equation:
(
The difference between the theoretical helix form and the actual form is expressed in the direction of the line tangential to the base circle of the gear (dotted line in figure 1). Figure 3 shows a schematic model of the gear-measuring instrument investigated in this study. A gear is set between the upper and lower fixing centres of the measuring instrument, and the probe sphere is placed in contact with the tooth flank. The tooth lead measurement is performed by moving the probe in the z direction and rotating the gear in accordance with equation (1). The probe sphere is displaced in the y axis direction depending on the actual form deviation of the measured tooth flank, and this displacement is detected using the displacement sensor. The y displacement of the probe sphere is plotted as a function of the z position of the probe on the output graph representing the measurement result.
Current state and problems of master gauges
The tooth lead measurement function of the gear-measuring instrument is evaluated using a master gauge with higher accuracy than the measuring instrument. The lead master shown in figure 4 is an example of a master gauge with a helix form on the reference surface [16] [17] [18] [19] [20] . The involute form or the straight form is used for the profile form of the lead master. On the other hand, in many factories, the accuracy evaluation of the gear-measuring instrument is performed using master gears [16] , which are gears with very high accuracy.
The tooth form of the master gear is almost identical to that of actual gears. However, both the lead master and the master gear are difficult to produce with high accuracy because the reference surface has a complicated three-dimensional curved surface. In addition, it is difficult to reduce the roughness and the undulation of the reference surface. Therefore, it is suggested that their accuracies are limited to about 1 µm at best. The accuracies of the evaluation and calibration of a gear-measuring instrument do not exceed the accuracy of these master gauges. Because the deviations of the tooth flank form with micrometer order affect the vibration and noise performance of gears, greater accuracy is needed for the gear-measuring instrument.
In this respect, the accuracy of current master gauges is insufficient.
Wedge artefact
To solve this problem, we propose an artefact for lead measurement whose reference surface is composed of a plane. This artefact is named the "wedge artefact".
Fundamental concept of wedge artefact
The basic concept of the proposed artefact is to use a simple geometric shape. Compared with a complex shape such as a helix or involute, a simple shape can be produced with high accuracy. In addition, highly accurate measuring instruments exist that can measure the dimensions and shape of objects with a simple
shape. This leads to a small uncertainty value. In this study, a plane is used because it is a simple geometrical form that is partly similar to a helix form. Figure 5 shows a schematic diagram of the proposed wedge artefact. Plane S 1 is measured instead of the tooth flank by the lead measurement method. This plane can be made partially similar to the shape of the helix by selecting an appropriate angle of inclination of the plane. Figure 6 shows a flowchart used to evaluate the accuracy of the gear-measuring instrument using the wedge artefact. First, the virtual measurement result (theoretical measurement curve) of the wedge artefact is calculated, where an ideal gear-measuring instrument without any errors is assumed. This theoretical lead measurement curve is compared with the actual lead measurement result, which is output from the actual gear-measuring instrument with some error, and the difference between these curves is considered as the accuracy of the gear-measuring instrument.
For a tooth profile measurement, a double-ball artefact (DBA) is proposed [21] , for which a simple shape is also used. The DBA is composed of spheres and it is measured instead of an involute tooth flank. Also in this case, the theoretical curve and the actual measurement curve are compared, and the difference between them indicates the accuracy of the measuring instrument. The wedge artefact is similar to the DBA in the points that it has a simple shape and compares the theoretical curve and the actually measured curve to evaluate the gear-measuring instrument. Figure 7 shows the helix and the ellipse on the lead measurement cylinder. The ellipse in the figure corresponds to the curve intersecting the lead measurement plane (S 1 in figure 5 ) of the wedge artefact and the lead measurement cylinder. The gear-measuring instrument outputs the deviation of the actual tooth flank from the theoretical helix as the lead measurement result. Therefore, when the wedge artefact is measured, the deviation between the theoretical helix and the ellipse shown in figure 7 is output. Assuming a gear-measuring instrument without any error, a mathematical model for the lead measurement of the plane of the wedge artefact is constructed and the virtual output result of the measurement is analyzed in this section.
Mathematical model of tooth lead measurement using wedge artefact
As shown in figure 8 , a vector in the maximum-inclination direction of the lead measurement plane is composed of the x and y components of a normal vector to the lead measurement plane. The maximum-inclination cross-section plane is parallel to the z axis and the normal vector to the lead measurement plane. The wedge artefact is set up on the gear-measuring instrument as shown in figure 8 , so that the maximum-inclination direction of the lead measurement plane is parallel to the y axis of the measuring instrument. This state is called the basic posture. Figure 9 shows the case where the nominal measurement point of the lead is located at the intersection of the lead measurement circle and the line y = 0. This corresponds to the lead measurement on the base circle of the involute helicoid gear. On the basis of the methodology explained below, it is also possible to construct a mathematical model for the lead measurement at positions different from that shown in figure 9 . m r is radius of the lead measurement circle, m β is the helix angle on the lead measurement cylinder, and p r is the radius of the probe sphere. The inclination angle of the lead measurement plane S1 of the wedge artefact is assumed to be Φ (angle from the xy plane). Figure 10 shows the state of the apparatus when the probe sphere is in contact with the lead measurement plane S1 of the wedge artefact set in the basic posture on the gear-measuring instrument. A generating-type of gear-measuring instrument has a displacement sensor in the y direction and the probe sphere is displaced in the y direction. In this analysis, to consider the general state, we impose the condition that there is an offset in the sensing direction (y direction) between the probe sphere and the nominal measurement point. As shown in this figure, P0 is the position of the centre of the probe sphere in the basic posture, and A0 is the point intersecting the sensing direction line, which is parallel to the y axis and passes through P0, and the lead measurement plane S1 of the wedge artefact. l is defined as the y coordinate of the horizontal line on the lead measurement plane passing through A0. The offset of the centre of the probe sphere is l + A0P0. Under this condition, the origin of the z axis is set at the height of the centre of the probe sphere. Figure 11 shows the state of the apparatus after the rotary stage and the wedge artefact have rotated by θ from the state of the basic posture. For the tooth lead measurement, the probe sphere moves in the z direction synchronizing with the rotation of the rotary stage. As shown in the figure, P1 is the centre of the probe sphere after a rotation of θ , A1 is the point intersecting the sensing direction line passing through P1 and the lead measurement plane S1. a z is the displacement of the probe sphere in the z direction synchronizing with the rotation by θ .
The state in the basic posture and that after the wedge artefact has rotated by θ are displayed in figure 12.
A0p and P0p are the projections of A0 and P0 onto the plane z = a z , respectively.
The tooth lead deviation e after a rotation of θ is expressed as = e A0pA1+A1P1-A0pP0p .
As shown in figure 13 , the second and third terms on the right-hand side of this equation can be given as follows.
Next, an expression for A0pA1 in equation (2) 
The equation expressing the lead deviation in the measurement of the wedge artefact is obtained by substituting these equations into equation (5) .
The value of l, which is related to the offset, when the centre of the probe sphere is located on the lead measurement circle and on the sensing direction line at the beginning of the measurement, is expressed by equation (12) . Under this condition, the lead deviation e is expressed as equation (13) . 
Virtual measurement result of wedge artefact
A virtual measurement result (theoretical measurement curve in figure 6 ) is shown in figure 16 using equation (13) . The solid line indicates the case when the inclination angle Φ (see figure 13 ) of the lead measurement plane of the wedge artefact is 70.2 degrees, the radius of the lead measurement circle is 50 mm, the helix angle on the lead measurement cylinder is 20 degrees, and the radius of the probe sphere is 1 mm.
This result shows that the virtual measurement curve is an S-shaped curve when the inclination angle of the lead measurement plane is selected such that the difference between the lead measurement plane S1 and the helicoid becomes small. The measurement stroke of the displacement sensor of the gear-measuring instrument is usually limited, for example, within the range of ±100 µm. Figure 16 shows that under such a limited measurement stroke of the sensor as above, it is possible to measure over a range of 85 mm in the tooth width direction. This result indicates that the measurement range of the wedge artefact in the tooth width direction is sufficiently wide compared with the tooth width of common mass-production gears such as those for automobiles. From these results, it is verified that the concept of using a plane as a reference surface instead of a helicoid surface is basically effective.
The broken line in figure 16 shows another virtual measurement result of the same wedge artefact, where the radius of the lead measurement circle is 200 mm, the helix angle is 19.9 degrees, and the radius of the probe sphere is 1 mm. This result shows that it is possible to measure a wide range of tooth width even on such a large measurement circle. In other words, the measurement of gears with a range of specifications can be treated using only one wedge artefact. The inclination angle of the lead measurement plane of the wedge artefact is mainly designed on the basis of the helix angle on the lead measurement cylinder. Therefore, the wedge artefact can be used to evaluate the measurement of gears of various specifications, provided the helix angle on the lead measurement cylinder remains almost constant. A conventional master gear is used to evaluate the measurement in only one gear specification, and the corresponding base circle radius and the helix angle on the base cylinder are limited to one value. To evaluate the measurement of a gear with another specification, another master gear is needed. The ability to treat gears of various specifications is an advantage of the wedge artefact.
Design and production of wedge artefact
Design
The wedge artefact is schematically shown in figure 5 . Plane S1 is the lead measurement plane, and the gear-measuring instrument is evaluated by measuring plane S1 instead of a gear tooth flank. Planes S2, S3, and S4 are used to confirm the posture of the wedge artefact when it is set up on the gear-measuring instrument. The angle of plane S1 to the xy plane or the z axis of the measuring instrument is the most important factor. In this study, this angle is designed so as to make the measurement range in the tooth width direction as wide as possible while satisfying the limitation concerning the measurement stroke of the displacement sensor of the gear-measuring instrument. The theoretical measurement curves are investigated using equation (13) to make the measurement range as wide as possible, assuming that a lead measurement is performed for a measurement circle radius of 49 mm, a helix angle on the measurement cylinder of 30 degrees, and a radius of the probe sphere of 3 mm. As a result, the angle between planes S1 and S2 is designed to be 29.83 degrees, in other words, Φ = 60.17 degrees (see figure 13 ). Figure 17 shows the theoretical curve obtained when this artefact is measured. It is clarified that the measurable range in the tooth width direction is about 50 mm when the measurement stroke of the displacement sensor is ±100 µm. The parameters of the wedge artefact, w, d, h1, and h2 in figure 5 , were designed to be 50 mm, 90 mm, 130 mm, and 10 mm, respectively.
Production of wedge artefact
Cemented carbide is used as the material of the wedge artefact because of its high hardness. The lead measurement plane S1 is lapped after grinded because low roughness and few undulations are important as well as its flatness. The other planes are grinded without lapping because only their flatness is important. Figure 18 shows a photograph of the produced wedge artefact. Not only plane S1 but also the other planes have a mirror-like condition, and the roughness is low.
Calibration of wedge artefact
Measurement using coordinate measuring machine
The accuracy of the produced artefact is evaluated. Each plane is measured using a coordinate measuring machine (Leitz PMM866) at the National Metrology Institute of Japan. Table 1 shows the measured flatness of each plane of the wedge artefact. The lead measurement plane S1, the most important plane of the wedge artefact, has a flatness of less than 1 µm. This flatness value applies to the whole plane. Actually, in the tooth lead measurement, only a limited area of plane S1 is used, and therefore it is thought that the flatness is actually much smaller than 1 µm considering the actually measured area of plane S1. The angles between planes S1 and S2, planes S1 and S3, and planes S1 and S4 were measured to be 29.83418 degrees, 89.99485 degrees, and 90.00568 degrees, respectively. The angle between planes S1 and S2 was almost exactly the designed value.
Optical interference measurement
The lead measurement plane was successfully measured using an optical interferometer (ZYGO GPI), which indicated that the roughness and undulation of the plane were small. The measured flatness of the lead measurement plane S1 is about 0.5 µm. As previously stated, it is thought that the flatness of the plane is higher if only the actually used area of the lead measurement plane is considered. These results indicate that the accuracy of the surface form of wedge artefact is higher than that of current master gears. Furthermore, by using planes for the artefact, it is possible to accurately calibrate the artefact using a measuring instrument with sufficiently high accuracy. This may reduce the uncertainty included in the artefact.
Experiment of measurement of wedge artefact using gear-measuring instrument
Assumption of evaluation of gear-measuring instrument using wedge artefact
The gear-measuring instrument has various error factors but the most important one for the generating-type of lead measurement is the synchronous accuracy between the rotation of the rotary stage and the movement of the probe sphere in the z direction. In this study, the main purpose of evaluating the lead measurement is to analyze this synchronous accuracy, and a method of evaluating the measuring instrument is developed on this basis. Therefore, the straightness of the xyz stage of the gear-measuring instrument, the perpendicularity of the x, y, and z axes, and the parallelism of the z axis and the axis of the rotary stage must have already been calibrated.
Measurement procedure
The procedure for measuring the wedge artefact is as follows (see figure 19(a) ).
(1) Setting the wedge artefact in the basic posture (refer to figure 8 ).
a) The artefact is set up on the rotary stage in approximately the basic posture. As shown in figure 19 , a cube is used to adjust the z position of the wedge artefact. b) A magnetic base, a universal arm, and a dial gauge are installed on the xyz stage of the gear-measuring instrument.
c) It is confirmed that plane S 4 is parallel to the y axis by placing the dial gauge in contact with plane S4 and moving it in the y direction using the y stage. If it is not parallel, the rotary stage of the measuring instrument is rotated, and this process is repeated.
d) The parallelism of plane S4 and the z axis is confirmed by placing the dial gauge in contact with plane S4 and moving it in the z direction.
e) The parallelism of plane S2 to the z axis is confirmed, by placing the dial gauge in contact with plane S2 and moving it in the z direction.
(2) Setting the probe position
The probe is moved so that the condition shown in figure 10 is realized after the probe has been placed in contact with plane S1 and the output of the displacement sensor has become zero. In this case, point A0 is located at x = rm and y = 0, and the centre of the probe is at The lead measurement of the wedge artefact is performed by rotating the artefact while moving the probe sphere in the z direction similar to the usual method of lead measurement.
Note that it is desirable that the output of probe (displacement sensor) should be calibrated before measuring wedge artefact, because the wide measurement range of the displacement sensor is used in the measurement of wedge artefact.
Measurement experiment
The measurement of the wedge artefact is conducted in accordance with the above-mentioned procedure. Table 2 shows the parameters in the measurement experiment. In the experiment, different helix angles on the lead measurement cylinder are input into the gear-measuring instrument. In experiment No.8, the measurement circle radius is changed. The radius of the probe sphere is 3 mm.
It was confirmed that it is possible to perform the whole experimental procedure without any serious problems. However, in some cases, the root of the probe interfered with the side edge of the lead measurement plane during lead measurement when the position of the probe was close to the rotation axis.
Therefore, it is clarified that the area near the side edge of the lead measurement plane should be used.
Analysis of the result of measurement experiment
The actual measurement result and the theoretical curve are shown in figure 20 for experiment No.1. For the lead form, the shape of the lead deviation curve is more important than the absolute value of the measured deviation, because it affects the performance of the gear. Therefore, the position of the actually measured curve in the output graph has little meaning. Thus, in this analysis, the theoretical curve is moved to the position that most closely fits the measurement curve without changing its shape.
The measured curve is an S-shaped curve similar to the theoretical curve. The same result was achieved in the other experiments (No.2-8). Figure 21 shows the deviation of the curve corresponding to the difference between the measured curve and the theoretical curve in figure 20.
Discussion on experimental result
It is possible to evaluate the accuracy of the gear-measuring instrument by analyzing the deviation curve in figure 21 . The high-frequency component is included in the deviation curve. The conventional master gear or the lead master has some roughness and undulation with a high-frequency component on the measured surface. Therefore, in the case of evaluating the gear-measuring instrument using the conventional master gear or lead master, if a high-frequency component appears in the measured result, as shown in figure 21 , it is impossible to distinguish whether it is caused by the master gear or by the gear-measuring instrument. The wedge artefact has a measurement plane with low roughness and few undulation. Thus, it can be judged that the high-frequency component observed in the measurement result in figure 21 is caused by the gear-measuring instrument.
In figure 20 , the absolute value of the actually measured curve appears to be slightly smaller than that of the theoretical curve, although the shapes of the two curves are almost the same. As a result, the deviation curve, which is obtained by subtracting the theoretical curve from the measured curve, has a reverse shape compared with the theoretical curve. Such an undulation does not exist on the lead measurement plane of the wedge artefact and thus it can be judged that this deviation is caused by the errors of gear-measuring instrument. For instance, the sensitivity error of the displacement sensor is one of the error factors that cause such a phenomenon. That is, it is possible that the sensitivity coefficient is slightly small in this measuring instrument. The amplitude of the deviation between the theoretical and measured curves is about 5 µm for a displacement of 100 µm; in other words, the sensitivity error is estimated to be 5%. The master gear or the lead master has a reference surface with a similar shape to the theoretical helicoids, and therefore the displacement detected by the sensor is very small when the master gear or the lead master is measured. In this case, a deviation of only about several hundreds of nanometers will appear in the measured result due to the sensitivity error of 5%. Therefore, even if there is a sensitivity error, it is difficult to detect it using the master gear or the lead master. On the other hand, it is easy to detect the sensitivity error when the wedge artefact is measured because it uses the wide measurement range of the displacement sensor. This is one of the advantages of the wedge artefact.
Features improved by wedge artefact and remaining problem
In this section, the features improved by wedge artefact and a remaining problem are discussed by comparing with those obtained by the conventional master gear or lead master.
The conventional master gear is manufactured by grinding, and thus, deep grinding marks exist on the tooth flank. Therefore, roughness and undulation appear on the tooth flank to a certain degree. We previously determined that the minimum deviation between the theoretical involute helicoid and the actual tooth flank of the master gear is 1 µm owing to roughness and undulation, even if a high-precision process is performed.
When the master gear is measured, the roughness and undulation cause high-and low-frequency waved forms in a measured curve. Therefore, when a gear-measuring instrument is evaluated using the master gear, it is difficult to determine whether the waved forms in the measured curve, whose amplitude is below 1 µm, are caused by the gear-measuring instrument or master gear.
On the other hand, the lead measurement plane of wedge artefact can be polished after grinding. Thus, the roughness and undulation of the surface are small. A plane with an undulation of 0.03 µm can be realized if a suitable material and process are chosen, although the artefact manufactured in this study has an undulation of 0.5 µm. Therefore, when the wedge artefact is measured to evaluate the gear-measuring instrument, it is possible to determine whether the waved forms in the measured curve, whose amplitude is from sub-micrometer to 1 µm, are caused by the measuring instrument; however, it is impossible when the master gear is used. This is a feature improved by the wedge artefact compared with the conventional master gear.
On the contrary, the setting error (alignment error) of the wedge artefact on the gear-measuring instrument is a problem of wedge artefact. The conventional master gear also has the same problem. The setting error of wedge artefact makes a measured curve inclined. For example, suppose that the wedge artefact inclines around the x-axis by 0.44 mm compared with the original curve without the inclination of the wedge artefact. Thus, it is difficult to determine whether the inclination of the measured curve is caused by the gear-measuring instrument or the setting error of wedge artefact. This problem remains even if the wedge artefact is used.
Conclusion
The tooth lead measurement function of a gear-measuring instrument must be evaluated with high accuracy.
However, the current master gear or lead master used for the evaluation of the gear-measuring instrument does not satisfy the required accuracy. To solve this problem, a wedge artefact is proposed to evaluate the lead measurement, which is composed of planes and can be produced with high accuracy. The following results were achieved in this study.
(1)A mathematical model of the situation where the wedge artefact is measured on the gear-measuring instrument was constructed. A virtual measurement result can be obtained using the model, assuming that the wedge artefact is measured by the gear-measuring instrument without any errors.
(2)A method to design the wedge artefact was proposed.
(3)The wedge artefact was produced and was calibrated. It was confirmed that the lead measurement plane has high flatness with low roughness and few undulations.
(4)A measurement procedure for the wedge artefact was proposed, and it was confirmed that the evaluation of the gear-measuring instrument using the wedge artefact was effective by performing a measurement experiment.
Because this wedge artefact is composed of planes, it can be produced with high accuracy and can also be calibrated using a measuring machine with small uncertainty. This leads to the small uncertainty of the artefact. Because roughness and undulation of the lead measurement plane of wedge artefact can be several tens of nanometers, error of gear-measuring instrument which causes waved form in measured curve can be found with accuracy of hundreds of nanometers. In addition, the wedge artefact has an advantage that it can detect the sensitivity error of the displacement sensor of the gear-measuring instrument because it uses the wide measurement stroke of the displacement sensor. On the basis of these results, it is thought that the wedge artefact can contribute to improving the accuracy of the evaluation of the lead measurement. (a) Measurement of plane S4 using dial gauge to realize basic posture (b) Measurement of plane S1 Figure 19 . Setting and measurement of wedge artefact using gear-measuring instrument. 
